Cognitive dysfunction is common in depression during both acute episodes and remission. Vortioxetine is a novel multimodal antidepressant that has improved cognitive function including executive function in depressed patients in randomised placebo-controlled clinical trials. However, it is unclear whether vortioxetine is able to target directly the neural circuitry implicated in the cognitive deficits in depression. Remitted depressed (n = 48) and healthy volunteers (n = 48) were randomised to receive 14 days treatment with 20 mg vortioxetine or placebo in a double-blind design. The effects of treatment on functional magnetic resonance imaging responses during an N-back working memory task were assessed at baseline and at the end of treatment. Neuropsychological measures of executive function, speed and information processing, attention and learning and memory were examined with the Trail Making Test (TMT), Rey Auditory Learning Test and Digit Symbol Substitution Test before and after treatment; subjective cognitive function was assessed using the Perceived Deficits Questionnaire (PDQ). Compared with placebo, vortioxetine reduced activation in the right dorsolateral prefrontal cortex and left hippocampus during the N-back task compared with placebo. Vortioxetine also increased TMT-A performance and self-reported cognitive function on the PDQ. These effects were seen across both subject groups. Vortioxetine modulates neural responses across a circuit subserving working memory in a direction opposite to the changes described in depression, when performance is maintained. This study provides evidence that vortioxetine has direct effects on the neural circuitry supporting cognitive function that can be dissociated from its effects on the mood symptoms of depression.
INTRODUCTION
Major depressive disorder (MDD) is associated with clinically significant and broad deficits in executive function, memory and learning. 1 Recent research suggests that these deficits in cognitive function can persist even during periods of symptomatic remission from depression and may be difficult to resolve fully with available treatments. 2, 3 These cognitive difficulties are an important mediator of functional impairment (such as workplace performance) in individuals with MDD [4] [5] [6] and are therefore a priority for treatment development.
The neural bases of the cognitive impairment in depression have been studied in a variety of ways, usually using an established laboratory test and functional brain imaging. A particularly well-studied example is the N-back visual working memory task; this requires subjects to monitor a series of stimuli and indicate when the current stimulus matches the one from n steps earlier in the sequence. 7 The working memory demands of this task are associated with increased engagement of a frontoparietal network and concomitant deactivation of the default-mode network (DMN) including the medial temporal lobe. 8 This shift in activity from the DMN to the task-positive network is thought to underpin reallocation of available neuronal resources to regions required for working memory, thereby optimising performance. 9 Depression has been associated with increased engagement of task-positive and reduced deactivation of DMN compared with healthy controls (HCs) when task performance is maintained. Specifically, depressed patients show increased activation in the cingulate 10, 11 and frontal cortex [10] [11] [12] [13] and attenuated deactivation in the medial temporal cortex. 10, 14 Unmedicated patients in remission from depression and young volunteers with a family history of depression show a similar profile of neural hyperactivation in task-engaged areas with increasing working memory demands. The apparent difficulty that depressed patients have in switching off the DMN, coupled with the compensatory overactivation of the task-positive network, suggests an important cost to maintaining performance. 10 Consistent with this, in studies where performance of the working task is impaired in depressed patients during functional magnetic resonance imaging (fMRI) acquisition, the converse pattern of reduced dorsolateral prefrontal cortex (dlPFC) activity is often seen. 15 Taken together, these results support the idea that deficits in cognitive function represent an enduring or a possible trait vulnerability marker for depression. 16, 17 The field has been slow to investigate the effects of different treatments on cognitive impairment in depression in adults of working age. Baune and Renger 18 reviewed the literature and found evidence that selective serotonin reuptake inhibitors, tianeptine, duloxetine, bupropion and moclobemide 'may exert certain improving effects on cognitive function in depression, such as in learning and memory and executive function'. However, the studies were often confounded by recovery from depression and cognitive function was rarely the primary outcome. Hence, many apparent effects of treatment could be pseudospecific, rather than an effect on cognition per se.
Vortioxetine is a new treatment for depression. Its principal actions are as a 5-HT 3 , 5-HT 7 and 5-HT 1D receptor antagonist, 5-HT 1B receptor partial agonist, 5-HT 1A receptor agonist and serotonin (5-HT) transporter inhibitor. 19 The apparent functional effects are multimodal upon serotonergic, noradrenergic, dopaminergic, cholinergic, histaminergic, GABAergic and glutamatergic neurotransmission. Preclinical studies in animals suggested effects that improve procognitive function when compared with other antidepressants. 20 In adult patients with MDD, vortioxetine is efficacious at doses up to 20 mg per day in short-term studies of 6-8 weeks duration. [21] [22] [23] Given the pharmacological profile that has emerged from mechanistic preclinical studies, its effects on cognition have proved of particular interest. A recent study in depressed patients demonstrated a benefit of vortioxetine on cognitive function, 24 consistent with that found using secondary analyses of a prior study in elderly depressed patients 25 and in primary analysis in general adult patients. 26 Path analysis of shared variance suggested that a large proportion of the improvement in cognitive function represented a direct and independent effect, rather than an epiphenomenon of broad-based symptom improvement in depression. However, a direct test of the hypothesis that vortioxetine improves cognitive function independent of a primary remediation of depression requires a different type of study.
We have therefore assessed the effects of vortioxetine in a double-blind placebo-controlled trial of neural and cognitive function in patients in remission from depression and in HCs. We used fMRI during the N-back test as well as a battery of neuropsychological measures applied previously in studies with depressed patients. We hypothesised that vortioxetine would modulate the blood-oxygen-level-dependent (BOLD) signal within neural structures previously identified as hyperactive in depressed patients. Specifically, we predicted a normalisation of the pattern of BOLD response in prespecified brain areas as the primary outcome. We also expected vortioxetine to improve performance on a subjective measure of cognitive difficulties assessed in the Perceived Difficulties Questionnaire (PDQ) and objective measures of cognition including the Trial Making Test (TMT) and Digit Symbol Substitution Test.
MATERIALS AND METHODS Participants
Ninety-six participants were enrolled and dosed and all completed the study. All were recruited by advertisement and assessed for the presence of current and past psychiatric disorders using the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition. 27 Forty-eight remitted MDD participants (27 women), mean age 35.6 years (range 20-53 years) and 48 HC participants (26 women), mean age 34.1 years (range 20-53 years), were recruited (see Supplementary Information for detailed information about inclusion and exclusion criteria and recruitment).
Participants were recruited from three academic sites in the United Kingdom (the Universities of Manchester and Oxford and the Institute of Psychiatry in London). All participants gave full informed written consent to the study, which was approved by a National Health Service ethics committee and received an honorarium for their participation.
Experimental design
In a randomised, double-blind, parallel-group, placebo-controlled study participants received a daily dose of vortioxetine (20 mg) or placebo for 13 or 14 days. Participants were instructed to take one capsule per day at their normal waking time around 0600-0900 hours. Measures (BOLD fMRI, neuropsychological assessments, questionnaires) were taken before (baseline) and on days 12 to 14 of drug administration (post treatment). No significant changes to the trial design or outcomes were made after trial initiation. The primary outcome of the trial, reported in this paper, was the fMRI data collected during the N-back task with the questionnaire and neuropsychological tests being secondary outcomes. 31 and total score on the PDQ 32 were assessed for all participants. The 17-item HAM-D 17 (clinician rated) was also assessed. These scales were reassessed on the test day after 13-14 days of vortioxetine or placebo treatment. The Digit Symbol Substitution Test, 33 Rey Auditory Verbal Learning Test 34 and TMT 35 were used to assess cognitive function (see Supplementary Information for more details about these tests).
Questionnaire measures and neuropsychological tests

N-back working memory task design
While in the scanner participants completed a letter variant of the N-back task. 10 Working memory was manipulated by using three levels of complexity: blocks of 1-, 2-or 3-back trials, intermixed with a sensorimotor control task (0-back). The task is described in more detail in the Supplementary Information.
Data analysis
Details of the fMRI data acquisition preprocessing and first-level analyses are provided in the Supplementary Information.
Significant activations across the whole brain were identified using cluster-based thresholding of statistical images with a height threshold of Z = 2.3 and a (whole-brain) corrected spatial extent threshold of Po0.05. Small volume corrections were applied to explore activation within predefined anatomical masks in the bilateral dlPFC, bilateral hippocampus, anterior cingulate cortex and precuneus (see Supplementary Materials). Finally, to exclude the influence of change in symptoms of depression on the neuroimaging outcomes, the group level analysis was repeated with the change in BDI between baseline and post treatment for each participant included as an additional covariate. To illustrate significant treatment effects, we extracted mean % signal change from the identified clusters. The maximum Z-score within each cluster is reported alongside the coordinates of the voxel with that score. The predefined primary analysis was a comparison of BOLD activity, within the anatomical structural masks, between the treatment groups in remitted subjects. Both this primary analysis and additional comparisons using all subjects were defined in a statistical analysis plan, which was finalised before database lock. Analyses of the behavioural, questionnaire and demographic data are described in the Supplementary Materials.
RESULTS
Demographic and questionnaire measures at baseline
The subject groups were well matched for age, weight and IQ ( Table 1 ). The proportion of women randomised to receive vortioxetine was somewhat larger than that randomised to receive placebo. The groups also differed on measures of personality, current/baseline mood and cognitive difficulties, with the remitted group scoring higher than the control group on trait anxiety, HAM-D 17 (as per inclusion), BDI and the PDQ (see Supplementary Information for more details about participants and reported side effects).
Effect of treatment on questionnaire measures Depression ratings. There was no statistically significant effect of vortioxetine treatment on HAM-D 17 scores, either combined or in either subject group individually (all P-values 40.14) ( Table 2) . However, vortioxetine did reduce the mean BDI score across all participants (main effect of treatment: F(1,88) = 5.3, P = 0.02) with this effect differing between the two subject groups (treatment × subject group interaction; F(1,88) = 7.1, P = 0.009). The remitted depressed group had a significant decrease in BDI, by a mean of 3.8 points (F(1,42) = 7.4, P = 0.009), whereas no effect was seen in control participants (F(1,42) = 0.2, P = 0.6). Inspection of the effect of treatment on the individual items from the BDI in the remitted group suggested that, relative to placebo, vortioxetine treatment resulted in the greatest improvement in self-reported concentration and interest (see Supplementary Information for additional analysis of subjective experience ratings).
PDQ. Vortioxetine decreased perceived cognitive deficits compared with placebo treatment (F(1,88) = 5.9, P = 0.02) and this did not interact with subject group (F(1,88) = 0.1, P = 0.7). However, when considering the two subject groups separately, there was a significant effect in the HC subjects (F(1,42) = 5.2, P = 0.03) but not the remitted depressed group (F(1,42) = 1.8, P = 0.2). Controlling for the effect of change in BDI did not change the pattern of results.
Neuropsychological task performance DSST. There was no effect of subject group (remitted versus HCs) at baseline (F(1,89) = 0.004, P = 0.95) and performance was unaffected by vortioxetine compared with placebo across subject group as well as in each group considered separately (all P-values 40.8) (Supplementary Table 2 ).
TMT-A. There were no differences in performance of this task between the remitted depressed and HC groups at baseline 
Figure 1. Effect of vortioxetine on the Trail Making Test (TMT)-A test.
The more negative the number, the greater the improvement across treatment. *P o0.05 for when the subject groups were analysed separately. Error bars represent s.e.m.
Vortioxetine modulates neural load during working memory J Smith et al (F(1,89) = 0.002, P = 0.97). However, across both groups vortioxetine reduced the time needed to perform this task relative to placebo (F(1,88) = 6.8, P = 0.01; Figure 1 ). There was no subject group × treatment group interaction (F(1,88) = 1.1, P = 0.3). Analysis of the two subject groups separately revealed no significant effect of vortioxetine in controls (F(1,42) = 1.4, P = 0.24), although there was a significant reduction in the time to complete the task for remitted patients (F(1,42) = 5.3, P = 0.03). Controlling for the effect of change in BDI did not alter the pattern of results.
TMT-B. There were no differences in performance of this task between the remitted depressed and HC groups at baseline (F(1,89) = 0.5, P = 0.48). Vortioxetine again reduced the time taken to complete the task across both groups (F(1,88) = 5.5, P = 0.02) with no difference in this effect between subject groups (subject × treatment group interaction; F(1,88) = 0.6, P = 0.44). Analysing the groups separately revealed that vortioxetine significantly improved performance in HC subjects (F(1,42) = 5.4, P = 0.03) but had no effect in remitted subjects (F(1,42) = 1.9, P = 0.17). Controlling for the effect of improvement in BDI did not change the pattern of results.
RAVLT. There was no effect of subject group (remitted versus HCs) at baseline and performance was unaffected by vortioxetine administration across subject groups as well as in each group considered separately for both the acquisition and delayed recall scores of the RAVLT (all P-values 40.13).
fMRI data. Data from two participants (one from each group) were not included before datalock and unblinding, because of poor signal quality. There was no effect of subject group or treatment on participants' behavioural performance of the N-back task (full analysis reported in Supplementary Information).
N-back minus 0-back Effect of task. Across groups, performance of the N-back task was associated with increased neural responses in bilateral dlPFC, rostral medial PFC and bilateral posterior parietal cortex, consistent with previous reports (Supplementary Table 1 and Supplementary Figure 1) . At the same time, the DMN was deactivated during the N-back compared with the 0-back in the inferior medial PFC, cingulate cortex and hippocampi. This network of response was not significantly different in the remitted depressed compared with HC participants.
Baseline difference between subject groups. No significant difference in activation between subject groups was found at baseline in any of the predefined anatomical masks. Similarly, whole-brain analysis revealed no baseline differences between subject groups.
Effect of treatment. Across both groups vortioxetine significantly reduced BOLD signal within the right dlPFC and left hippocampus predefined anatomical masks (Table 3, Figure 2 and Supplementary Figure 2) . Similar significant clusters were found when the change in BDI score was added to the analysis as a covariate. In the whole-brain analysis, vortioxetine additionally reduced response in the N-back task in the right insula, fusiform gyrus and lingual gyri (Table 3) . These effects did not interact with subject group (remitted depressed versus HCs). However, in the analysis of the two subject groups separately, these effects of treatment within the predefined anatomical masks were largely seen in the remitted MDD group but not in the HC group (see Supplementary Results for additional analysis of the fMRI data).
DISCUSSION
The present results demonstrate that administration of vortioxetine modifies brain activation during performance of the N-back task in both remitted MDD patients and controls. Specifically, vortioxetine reduced neural activity in the right dlPFC and left hippocampus as well as across a network of temporal-parietal areas. This action of vortioxetine is opposite in direction of effect to the increases in BOLD signal described in MDD patients able to maintain task performance. [10] [11] [12] [13] [14] We propose that it implies increased efficiency during effortful working memory performance. These neural changes were accompanied by improved subjective ratings of cognitive function as measured by the PDQ and improved performance in the TMT task following vortioxetine compared with placebo administration. These findings support a mechanism by which vortioxetine may improve executive function in MDD, unconfounded by syndromal depression.
Although cognitive impairments during remission are consistently reported in measures similar to those reported here, 2,17 the current sample of remitted depressed patients did not show objective deficits in performance or neural activation during the working memory task compared with controls. This may reflect both their age (younger than most clinical studies by a decade) and the method of recruitment (by advertisement rather than from a clinic sample). Nevertheless, the remitted depressed group reported significant subjective cognitive difficulties on the PDQ (as per inclusion criteria). Objective and subjective measures of cognitive function are often poorly correlated 36 and subjective measures may well represent a more sensitive marker of the broader, everyday effects of cognitive function as they allow integration of information across situations and also reflect the effort required to optimise performance. While subjective cognitive complaints may be associated with subsyndromal symptoms of depression, the current finding that vortioxetine improved PDQ ratings across the groups (i.e. including the never depressed control group) compared with placebo administration suggests a direct effect of short-term vortioxetine on subjective cognition function. The absence of objective performance impairments, including for the N-back working memory task, had the advantage that imaging findings were easier to interpret.
Our primary outcome, the reduced BOLD signal in the dlPFC and hippocampus following short-term administration of vortioxetine, was chosen because these areas are known to show a hyperactive response during performance of the N-back task in depressed and remitted depressed patients when performance is maintained. [10] [11] [12] [13] [14] The overactivity seen in depression during working memory has been proposed to reflect difficulty in switching off self-referential default-mode processing in this disorder. 10 By contrast, overactivation of frontal and parietal areas is believed to represent an effortful compensatory mechanism to remediate this imbalance during maintained performance. 10 Consistent with this, when the level of performance is not maintained a reduction in dlPFC activity has been reported. 15 The observation that vortioxetine can reduce activation in the same network implies increased efficiency of this balance between DMN and task-positive networks during working memory performance. As such, vortioxetine may facilitate the ability to switch off the DMN and the need for overactivation of the dlPFC during executive function. The current results thereby provide a potential mechanism whereby vortioxetine can remediate cognitive deficits in depression. [24] [25] [26] The pharmacological actions of vortioxetine consistent with an action on cognitive function include increased PFC monoamine levels and increased glutamatergic function in rodents. 19 Improved procognition is demonstrated in object recognition and association learning in rodents following vortioxetine administration. 37 The time course of our findings is consistent with improved executive function following vortioxetine administration at week 1 and week 8 of treatment in depression. 26 A number of limitations to the current study should be acknowledged. The remitted depressed patients showed a small improvement in self-rated BDI mean scores with vortioxetine treatment. However, entering the BDI score as a covariate did not alter the pattern of results found for the questionnaire, cognitive task or fMRI data. Furthermore, other ratings of subjective state, mood and depression were not significantly affected by vortioxetine. Perhaps, most convincingly, the effects of vortioxetine on cognitive function were also seen in the HC group who had never experienced depression and whose BDI score was not affected by drug treatment. In summary, the cognitive effects of the medication were evident even in the absence of subjective or objective cognitive difficulty and in the absence of changes in mood or depression symptoms. As such, these results reinforce the findings from recent randomised controlled study data in depression where a relatively low proportion of variance in cognitive improvement following vortioxetine was explained by concurrent improvements in depressive symptom severity. 26 Since the remitted depressed patients were not selected to, and did not show, deficits in objective neuropsychological task performance or overactivity in the working memory neural network compared with the HCs, we cannot generalise to a clinical group that may show impaired performance and function. Levels of performance on the Digit Symbol Substitution Test, TMT and Rey Auditory Learning Test appear to have been near ceiling levels across all groups and therefore may simply have been relatively insensitive to change. This limitation may explain why the current study did not demonstrate a beneficial effect of vortioxetine on the Digit Symbol Substitution Test, as has been reported in previous studies of acutely depressed patients, 24, 25 although a small effect on the TMT task was found, perhaps because of differences in sensitivity to change in healthy people. No active comparator group was used in the study, which prevents a direct comparison between the neurocognitive effects of vortioxetine with that of an alternative antidepressant. While a previous neuroimaging study of fluoxetine in depressed patients found no effect of treatment in the circuitry identified in this study, 38 suggesting that the effects reported here are not common across all antidepressants, future studies would benefit from the inclusion of an active comparator.
Finally, 2 weeks is a relatively short period of treatment and most patients are likely to be treated chronically. Thus, it remains to be determined whether the effects of vortioxetine described here are maintained following longer term administration and are predictive of changes in cognitive function.
In conclusion, our results support direct effects of vortioxetine on the neural circuits important for executive function and working memory. It facilitated subjective and objective measures of cognitive function in remitted depressed patients and HCs with these effects being opposite in direction to those associated with depression when task performance is maintained. These effects could not be accounted for by changes in subjective mood in the remitted group, and were also observed in the HC group. They are therefore consistent with direct effects of the drug on the neural systems subserving executive function. The results from the imaging tasks suggest that vortioxetine may improve the efficiency and reduce the effort required to complete executive tasks. Given the impact of cognitive dysfunction on functional recovery in depression, these results hold promise for our understanding and treatment of cognitive dysfunction in depression. Finally it remains to be determined whether the effects of vortioxetine on cognition are specific to the cognitive deficits observed in depression or whether it also modulates similar cognitive deficits associated with other psychiatric disorders such as schizophrenia.
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